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Abstract
Colorectal cancer is currently the second leading cause of cancer death in the world.
The risk of developing colorectal cancer increases significantly in individuals who suffer from
colitis, which is inflammation of the colon lining, seen in Irritable Bowel Disease. The term
“leaky gut” is often used to describe increased intestinal permeability and is closely related to
colitis. Leaky gut is associated with dysbiosis of the gut microbiota, which can occur through
diet. This dysbiosis leads to prolonged inflammation and affects genes that encode for proteins
involved in the tight junctions between cells. Compromised intestinal integrity allows for
translocation of material from the lumen of the colon, including bacteria, into the adjacent
connective tissues and nearby blood supply. In this study we used the total Western diet, which
emulates typical American dietary patterns at both macronutrient and micronutrient levels.
Black raspberries (BRB) were used as a dietary supplement to determine if the antiinflammatory (AIN) bioactive chemicals they contain would have a protective effect on the
colon epithelium. The objective of this study was to determine how basal diet and
supplementation of BRB affects expression of genes involved in intestinal permeability before,
during, and after colitis. We hypothesized that expression of genes critical for maintaining the
gut barrier and responding to bacteria infiltration would be differentially expressed in mice fed
the total Western diet as compared to the AIN healthy diet, and their expression restored when
supplemented with BRB. Our results did not show strong responses for any of the examined
genes for either basal diet nor black raspberry intervention. There was a high level of variability
in our data that may be due to RNA degradation or may reflect true variability in the responses to
these interventions.

i

Acknowledgements
First and foremost, I’d like to acknowledge Dr. Abby Benninghoff for her mentorship
throughout my undergraduate career and her willingness to fund this project. I have learned a
great deal from her about research and science communication. Thank you for your patience as
I’ve dealt with various personal and academic obstacles over the past year, and for continuing to
give me opportunities to grow as a scientist.
I’d also like to thank our lab manager Giovanni Rompato, for his willingness to teach me
the lab skills I needed to do this project and for helping get through many, many PCR plates. His
sense of humor helped make long days of pipetting bearable.
Additionally, I want to express my gratitude to graduate student Daphne Rodriguez, for
her support and mentorship in the years I have been a student in Benninghoff lab. I’ve learned a
great deal from working with her and was grateful to have that knowledge in my back pocket as I
stepped into taking charge of my own project.
Finally, I’d like to thank the Utah State University Honors Program and the
Undergraduate Research Fellows Program for the opportunities they have provide that allowed
me to start participating in research early on in my undergraduate career. Your program has
contributed greatly to my education and has shaped where I plan to go moving forward.

ii

Table of Contents
INTRODUCTION.......................................................................................................................................................... 1
MATERIALS AND METHODS ................................................................................................................................... 7
RESULTS AND DISCUSSION .................................................................................................................................... 9
MOVING FORWARD - BEST PRACTICES FOR RNA SAMPLE STORAGE ...................................................... 13
AUTHOR’S REFLECTION ........................................................................................................................................ 14
REFERENCES ............................................................................................................................................................. 18
AUTHOR’S BIOGRAPHY ......................................................................................................................................... 21

iii

Introduction
Colorectal cancer (CRC) is currently the third most common cancer worldwide and is the
second leading cause of cancer-related death in the world [1]. The global burden of CRC is
rising, with a greater incidence observed in countries with increasing economic development [2,
3]. A report on cancer incidence in 2018 showed a higher incidence of CRC in countries with
either a high or very high human development index [1]. Along these same lines, CRC is often
associated with a Western-type lifestyle [4]. An important risk factor for the development of
CRC is Irritable Bowel Disorder (IBD), which is a term to describe autoimmune diseases
associated with colitis, including Crohn’s disease and ulcerative colitis. Patients with IBD have a
significantly increased risk of developing CRC, and IBD-related CRC develops at a younger age
than sporadic CRC [5].
Another term associated with colitis is “leaky gut”, which refers to increased intestinal
permeability. The colon epithelium acts as a selectively permeable barrier between the lumen of
the intestine and body tissue, allowing for passage of certain material but preventing harmful
substances from passing through [6]. A mucus layer covers the epithelium, acting as a protective
layer and contributing to barrier function [7]. There are three levels of intracellular junctions
between epithelial cells: tight junctions, adherens junctions, and desmosomes, with the tight
junctions being the main site that regulates diffusion of particles across the epithelium [8, 9].
Damage to the epithelium or altered expression of proteins in tight junctions of the epithelium
impairs barrier function, resulting in translocation of bacteria and other luminal contents into the
surrounding tissue, bloodstream, and potentially other organs (see Figure 1). This translocation
increases the risk of systemic inflammation and has been associated with various diseases,
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including cirrhosis, kidney infection, and IBD [10, 11]. Both decreased barrier function and
bacterial translocation have been associated with increased risk of recurrence of colon cancer
[12].

Figure 1: Comparison of the conditions of a healthy gut with that of a “leaky gut”.
Note the degradation of the mucus layer, the differences in expression of tight junction
proteins, and the increase in both pathogenic bacteria and immune cells in the “leaky
gut” diagram.

Both colitis and “leaky gut” have been associated with dysbiosis of the gut microbiome.
In healthy persons, there is high diversity of bacteria present in the colon that consists mainly of
the phyla: Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria [13]. This profile
shifts in patients suffering from IBD, with an increase in Enterobacteriaceae, and decreases in
Bacteroidetes and Firmicutes. Additionally, the overall diversity and number of species present
in the gut decreases in IBD [14, 15]. Looking specifically at intestinal permeability, there is an
association between abnormal microbiota profiles and disrupted barrier function. The mechanism
2

of this association is not fully understood and is likely related to many factors including products
of bacterial metabolism, presence or absence of specific bacterial species, and microbial
regulation of the intestinal immune response [16].
The composition of the gut microbiota is affected by diet. A Western diet, characterized
by high carbohydrate intake, high saturated fats, and imbalanced micronutrient content, is
currently an active area of research because of its association with various chronic diseases [17]
This dietary pattern has been implicated with an increased risk of colon cancer, as well as an
increased risk of cancer recurrence in patients already diagnosed with colon cancer [18, 19]
Likewise, a correlation between a Western-type diet and IBD has been well-established [20].
One study that used a model of the Western diet in mice found it promoted both colitis and
colitis-associated colorectal cancer via genes involved in inflammation and immunity [21].
Looking more closely at the association between chronic inflammation and altered gene
expression, one study comparing intestinal gene expression between IBD patients and healthy
controls found that genes associated with inflammation, nutrient absorption, and cell structure
were differentially expressed in IBD patients [22]. Additionally, both Crohn’s disease and
ulcerative colitis are associated with change in tight junctions structure due to differential
expression of proteins and increased apoptosis [23]. There is a clear association between
inflammation and altered intestinal permeability, but it remains uncertain whether increased
permeability is the result or cause of inflammation [24].
Tight junctions are composed of transmembrane proteins such as occludin, claudins, and
zonula occludens proteins [25]. Toll-like receptor proteins involved in pathogen recognition and
immune response are also of interest:
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Occludin (Ocln)
Studies have shown that deficiency of occludin protein in the colon increases
susceptibility to barrier disfunction both in mouse models and in studies looking at the colons of
human IBD patients [26, 27]. Conversely, other studies have demonstrated no effect on barrier
function due to down-regulated Ocln expression, or even resistance to DSS-induced colitis in
occludin knockout-mice [28, 29]. These conflicting results indicate that occludin likely plays
some role in barrier function, but that role is unknown and likely dependent on other proteins as
well.
Claudin-1(Cldn1)
The role of Claudin-1 in tight junctions is well established. Claudin-1 acts as a barrier but
is also involved in inflammatory signaling. Many studies have demonstrated an increase in
Claudin-1 RNA and protein expression that is associated with both Crohn’s disease and
ulcerative colitis, with its expression being proportional to the degree of inflammation [30, 31].
CLDN1 has been shown to be upregulated in CRC, indicating a role in cancer development as
well [31, 32].
Zonula occluden-1 (Tight Junction Protein-1 (Tjp1))
Zonula occludens proteins are scaffolding proteins that are bind both tight junctions
proteins and adherens junction proteins, linking the two complexes together [25]. In a study
looking at gene expression in IBD patients, TJP1 was found to be downregulated near sites of
active inflammation [27].
Toll-Like Receptors 4 and 5 (Tlr4 and Tlr5)
Toll-like receptors are proteins involved in pathogen identification. Tlr4 detects the
lipopolysaccharide (LPS) layer of gram-negative bacteria, while Tlr5 detects flagellated bacterial
pathogens via the flagellin protein [33, 34] Increased TLR4 expression results in increased
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intestinal permeability [35]. Tlr5 expression has been shown to be associated with decreased
barrier integrity in a mouse model of Crohn’s disease [36].

Diet plays a key role in the development of microbiota dysbiosis and intestinal barrier
disruption, as was mentioned earlier. Our research group previously developed the Total Western
Diet (TWD) which emulates an American diet at both a macro- and micronutrient level. This diet
was developed by taking the 50th percentile daily intake levels for macronutrients and
micronutrients from the 2007-2008 National Health and Nutrition Examination Survey
(NHANES). This data was used to translate the American diet to a rodent diet on a nutrient
density(mg/kcal) basis [37]. By taking the 50th percentile, this diet is representative of a typical
Western diet, rather than being extreme in fat or sugar composition as some other experimental
mouse diets are. In previous studies, the TWD has been shown to enhance both colitis and
tumorigenesis [21].
In looking at the effects of a Western-type diet, the addition of nutritional whole foods
back into a diet is an area of study in chronic disease prevention. One whole food of interest is
the black raspberry (BRB) (Rubus occidentalis). BRBs contain several classes of bioactive
molecules including anthocyanins, bioflavonoids, and ellagitannins, with anthocyanins being one
of the most abundant and influential bioactive molecules [38]. BRBs have previous been
examined in relation to colon cancer. One study that used an AOM carcinogen cancer model in
rats found that tumor multiplicity was decreased when their diet was supplemented with BRB,
and the magnitude of this decrease was inversely correlated with the amount of BRB
supplementation [39]. This effect on tumorigenesis is likely related to the effects BRBs have on
microbiota profile and inflammation. BRB supplementation increased both alpha and beta
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diversity of the gut microbiome [40]. In a model of ulcerative colitis using DSS-induced colon
injury, BRB treatment reduced colon injury and decreased levels of inflammatory markers [41].
The objective of this study was to determine how basal diet and supplementation with
BRB affects expression of genes involved in intestinal integrity and permeability before, during,
and after colitis. We hypothesized that expression of genes critical for maintaining the gut barrier
and responding to bacterial infiltration would be differentially expressed in mice fed the TWD as
compared to the AIN healthy diet, and their expression restored when supplemented with BRB.
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Materials and Methods
Mouse Study Design
C57Bl6/J mice of five week of age, 263 male and 272 female, were divided into four
groups. We used a 2x2 study design, with basal diet and BRB power supplementation as our two
factors. We had two control groups, one being fed the AIN93G standard mouse diet and the other
being fed the Total Western Diet. Our two experimental groups were on either the AIN93G or
TWD diet supplemented with BRB powder. Mice were injected with 10mg/kg of the carcinogen
azoxymethane (AOM) on day 21 of the study and were given drinking water containing 1%
(w/v) dextran sodium sulfate (DSS) for the following 10 days to promote colitis and
carcinogenesis. Subgroups of mice from all four diet groups were euthanized by carbon dioxide
asphyxiation at three timepoints: day 21 (pre-DSS), 33 (colitis), and 47 (recovery). Colons were
removed and stored in PBS.

RNA Extraction, Reverse Transcription, and Quantitative Polymerase Chain Reaction
RNA was extracted from the colon mucosa samples using the QIAGEN RNeasy Plus
Micro Kit (Hilden, Germany), according to the manufacturer’s instructions. The concentration of
the extracted RNA was quantitated using the Qubit RNA HS Assay Kit from Thermo Fisher
Scientific (Waltham, MA) A reverse transcription (RT) reaction was performed using a poly(A)
primer and Superscript enzyme from Invitrogen (Waltham, MA), following the manufacturer’s
protocol. The resultant cDNA was stored at -20°C. Quantitative polymerase chain reactions
(qPCR) were performed on the cDNA for two control genes (actin beta (Actb) and
glyceraldehyde-3-phosphate dehydrogenase (Gapdh)) and five experimental genes (occludin
(Ocln), claudin 1 (Cldn1), tight junction protein 1 (Tjp1), toll-like receptor 4 (Tlr4), and toll-like
receptor 5 (Tlr5)) using a PCR MasterMix from Thermo Fisher Scientific. Primers were obtained
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from Integrated DNA Technologies (Coralville, IA). The qPCR reactions were performed using
the PowerTrack™ SYBR™ Green Master Mix protocol from Thermo Fisher Scientific on an
Eppendorf Realplex4 Mastercycler using the Realplex 2.2 software.
Data Analyses
The Ct values obtained from the qPCR reactions were quantitated using the delta-delta Ct
method. We normalized the sample Ct values against GAPDH Ct values as a housekeeping gene.
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Results and Discussion
Our results did not show strong responses for any of the examined genes for either basal
diet nor BRB intervention (Figure 2). There was a surprisingly high level of variability in gene
expression data, which was also noted for other measures in this study including microbiota
composition and disease activity index. The variability observed in these other measures
indicates the possibility that the response to diet intervention is truly variable among the animal
subjects.
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Another possible explanation for this variability is that the quality of the RNA we tested
was poor due to degradation following long term storage. This seems to be a viable explanation
based on the quantification curves we observed for the qPCR runs. A normal qPCR amplification
curve includes a baseline for the first several cycles where there is little change in fluorescent
signal. The baseline is followed by an exponential phase, a linear phase, and a final plateau phase
where there is little change in fluorescent signal once again (Figure 3). The only numeric
measure that is taken from a qPCR curve is the threshold (Ct) value, which is positioned at the
lowest part of the linear portion of the amplification curve. This value is automatically calculated
by the thermocycler, taking into account background noise. An acceptable qPCR run will also
include a melting curve displaying a single peak, indicating the presence of only one amplified
DNA product (Figure 3).
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Figure 3: Example of a PCR curve showing exponential, linear, and plateau phases
(Top). Example of a melting curve obtained from one of our samples, showing the
single product peak (Bottom)
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We observed a variety of PCR amplification curves in our samples. Some samples
showed a linear increase in fluorescence over all the cycles, lacking the characteristic
exponential and linear phases, while other samples displayed exponential and linear phases but
did not reach a very high fluorescence. In some cases, there were nearly flat fluorescent signals
for all 40 cycles. In addition to this, rather than displaying a single melting curve, several of our
samples showed a second peak at lower temperatures, indicating the presence of a second
product or a primer-dimer (Figure 4).
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Figure 4: Example of a poor PCR amplification curve lacking the exponential,
linear, and plateau phases (Top). Example of a poor melting curve with another
peak at a lower temperature, indicating the presence of a second product or primer
dimer.

Many of these poor amplification curves were observed in samples from timepoints 2
(colitis) and 3 (recovery), which were taken from mice exposed to the chemical agent DSS to
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induce colitis. DSS has been known to interfere with RT and PCR reactions and has interfered
with PCR reactions performed in previous studies by our research group [42, 43].
A possible solution to interference of DSS is the addition of spermine to the RNA
samples before the RT reaction. The addition of spermine to samples containing DSS has been
shown to increase the efficiency of RT and qPCR reactions by binding the DSS, decreasing its
interference with the reactions [44].
We tested this possibility on samples from timepoints 2 and 3 from varying diet groups
by replacing the addition of nuclease-free water to the RT reaction with an equivalent volume of
spermine (0.02g/mL). The same qPCR procedure we had been using was performed on the
cDNA from the spermine reaction. Unfortunately, this method this did not result in an
improvement in the quantification curves of these samples, leading us to the conclusion that the
RNA samples used were degraded to a point where they are unable to be used in qPCR reactions
successfully.
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Moving Forward - Best Practices for RNA Sample Storage
In doing this study, I learned the importance of proper storage and handling of RNA
samples. RNA is much more prone to degradation than DNA, and because of this requires some
extra care. I will have the opportunity to do more RNA-related work in graduate school, so these
are principals I have learned in doing this study that will be valuable moving forward.
RNA is more prone to degradation due to its structure: RNA contains a ribose sugar
while DNA contains a deoxyribose sugar. The presence of the hydroxyl group on RNA
molecules makes them more susceptible to hydrolysis. Additionally, enzymes that degrade RNA,
called RNases, are all around us and are very difficult to get rid of.
These factors can be kept in check by keeping RNA very cold. Samples should be stored
at -80°C and be kept on ice when being worked with. While in storage, samples can be kept in
RNase-free water, but there are storage reagents available that can be used to help with
preservation. RNAlater is one such reagent from Thermo Fisher Scientific that inhibits RNase
activity that may be a better alternative for long-term storage than RNase-free water. In future
projects that I am involved in, these are two practices that I will keep in mind as I work with
RNA.
Word count: 2605 words
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Author’s Reflection
The process of preparing this capstone has been a long, yet ultimately encouraging,
process. I began researching for this project last spring and decided which leaky gut-related
genes I would be focusing on. Over the summer, I ended up stepping back from research for a
few months to address some personal struggles I was experiencing, returning to my project at the
beginning of fall semester, feeling ready to jump back in, albeit slightly nervous to do so. Over
that fall I performed the lab work my capstone project required, learned to analyze my specific
type of data, and presented my findings at the Fall Student Research Symposium before the end
of the semester. To do that all in one semester was time-consuming and difficult, but immensely
confidence-boosting.
This capstone is in large part due to my participation in the Undergraduate Research
Fellows Program, which has allowed me to actively participate in research since my very first
semester at USU. Most of my involvement in research has been assisting graduate students,
learning lab techniques along the way, and observing all that running a research project entails.
This capstone has given me the opportunity to apply both that practical knowledge and the
biological knowledge from my classes. In addition to rounding out my undergraduate education,
it has helped prepare me from my future graduate education. This summer I will begin pursuing
a master’s degree in Animal, Dairy, and Veterinary Sciences at USU, and I now have experience
in planning and running a project on a small scale that I know will be beneficial as I run a largescale graduate project.
I enjoyed seeing the intersection of the biological concepts I learned in my classes with
the research I was doing in the lab. As a biology major, the first unit in most of the classes I
have taken is about the “central dogma of biology”, which is the process of transcribing the
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information stored in DNA into RNA, and translating RNA into proteins that affect the way our
cells, tissues, and ultimately our entire body, function. This project gave me the opportunity to
learn the lab techniques reverse transcription and PCR, which are directly related to both
transcription and DNA replication. These techniques allow scientists to find differences in gene
expression once extracted RNA has been processed and put through these procedures, which is a
practical application of the concepts I have been taught in lectures.
The lab work I did also required critical thinking and problem solving in relation to
biological concepts I’ve learned. For examples, I used commercial PCR primers for the genes I
wanted to study. The manufacturer of these primers provides an annealing temperature to use the
primers at, but that recommended temperature may not be ideal for specific factors in your
workspace, such as the MasterMix or the particular thermocycler you use. The first month of lab
work for this project was spent finding the optimal temperature for each of these primers as well
as what DNA concentrations they would be reliable at. In addition to this, I encountered several
setbacks as I worked: finicky machines, running out of necessary supplies, and attempting to
figure out why my samples were not cooperating like they should have. Each of these obstacles
gave me the opportunity to apply my critical thinking skills to solve them.
In encountering these obstacles, I also learned that research rarely goes according to plan.
Problems come up, or supplies take longer to arrive than expected, and the only thing to do is to
anticipate setbacks and be able to adapt as necessary. A particular obstacle in my study was that I
was not getting quality PCR curves from my samples. I knew going into my project that this
might happen because the RNA samples I used had been stored at the wrong temperature briefly
when they were first collected. I attempted to find a solution to this by adding an additional
reagent to my reaction, but it just didn’t work. So my data was not as reliable as I had hoped it
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would be and a pattern in gene expression didn’t emerge. Despite this, I learned valuable skills
and gained an understanding that sometimes your project is not going to give the results you
expected, which is not a failure, it may just change your direction moving forward.
In addition to these practical research lessons I learned, I also developed my relationship
with my mentor Dr Benninghoff. I met with her to discuss some of these obstacles I encountered
and learned a very detailed data analysis method from her. She was supportive through the entire
process and communicated to me that if my data wasn’t what I had hoped for, this project was
still a success because it gave me experience and an opportunity to grow as a scientist. I am
grateful for that relationship and to have a mentor who is reliable and cares about both me and
the work I do.
In considering how this project broadened my experience across disciplines, the first
thoughts that came to my mind were the experiences of reading through scientific papers and
writing my own scientific paper. While these aren’t necessarily exclusively cross-disciplinary,
they aren’t the first things people think of in relation to biological research. While I learned a
great deal in my biology classes, I was never explicitly taught how to read a scientific paper or
steps to writing one, so I gained valuable experience doing that as part of this capstone, which
will be beneficial as I continue to pursue a degree in research.
Looking at this experience from a community perspective, I’ve gained a great
appreciation and understanding of the research that is being done around the world. As I was
doing background reading, I read papers from research groups across the globe, and was able to
apply their knowledge to my project. It’s incredible that there are problems that humans across
the world are collaborating to solve.
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Overall, the experience of performing this capstone project is one that I valuable highly.
Undergraduate research has been a key part of my undergraduate learning and has exposed me to
career paths I didn’t even realize were an option. I started at Utah State with a solid plan for what
I would do after graduating but through actual hands-on experience, I’ve found that research is
something I will enjoy even more. And for that, I am very grateful.
Word Count: 1074 words
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